Abstract. The use of diphenylcarbazide as an electron donor ooupled to the photoreduction of 2,6dichlorophenolindophenol by tris-washed chloroplasts or subchloroplast fragments provides a simple and sensitive assay for photosystem 2 of chloroplasts. By varying the concentration of tris buffer at pH 8.0 during an incubation period it is shown that the destruction of oxygen evolution activity is accompanied by a corresponding emergence of an ability to photooxidize diphenylcarbazide, as evidenced by absorbance changes due to diphenyloarbazide at 300 nm. The temperature-sensitive oxidation of diphenylcarbazide is inhibited by DCMU and by high ionic strengths. This activity appears to measure the primary photochemioal reaction of photosystem 2.
Success in studying the individual photoreactions in plant chloroplasts is greatly facilitated by the availability of assay systems which are specific for 1 of the 2 photosystems which operate in normal photosynthesis. The reaction discovered by Vernon and Zaugg in 1960 (15) , wherein DPIP2 in the presence of ascorbate formed an efficient electron donor couple for photosystem 1 has allowed the mechanism of NADP photoreduction by this photosystem to be studied in great detail.
A number of investigations have shown that it is also possible to employ artificial electron donors for photosystem 2, which system ordinarily oxidizes water preliminary to oxygen evolution. The criterion most often used for donation of electrons into photosystem 2 is the sensitivity of the reaction to DCMU (or o-phenanthroline), a poison which is specific for the oxygen evolution -system of plants (2, 16) . From experiments which showed a DCMUsensitive (or o-phenanthroline-sensitive) oxidation of ascorbate in the presence of autooxidizable quinones (3, 5, 9) it was postulated that ascorbate donated electrons prior to the DCMU block. In 1962, Trebst 1 Contribution No. 365 from the C. F. Kettering Research Laboratory. This investigation was supported in part by Research Grant GB-8434 from the National Science Foundation.
2The abbreviations used in this paper are: DPIP, 2,6-dichlorophenolindophenol; TMPD, N,N,N',N'-tetramethylphenylenediamine; DPC, 1,5-diphenylcarbazide; SC, semicarbazide; DPSC, 1,4-diphenylsemicarbazide; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; Chl, chlorophyll; TSF-2, the subchloroplast fragment containing photosystem 2 and produced by the action of Triton X-100 upon chloroplasts (13) . (The TSF-2 fragment was originally designated the P-1 fraction.) and Wagner (10) studied the photooxidation of hydroquinones by isolated chloroplasts, and showed that the oxidation reactions were sensitive to DCMU. Subsequent experiments by Katoh and San Pietro (6, 7) demonstrated that ascorbate was directly oxidized in a DCMU-sensitive reaction by Euglena chloroplasts which had been inhiibited ;by a heat treatment. Habermann,(4) showed by experiments with oxygen isotopes that ascorbate decreased the rate of oxygen evolution while increasing the rate of oxygen uptake coupled to oxidation of the primary photoreductant, which indicated an oxidation of ascorbate as an alternate to oxygen evolution.
Another approach involves the use of washing in tris buffer to inactivate the oxygen evolution system. Nakamoto et al. (8) showed that ascorbate served as a donor to riboflavin phosphate in such preparations, and proposed that ascorbate was oxidized by the primary photooxidant. Yamashita and Horio (19) later showed that washing chloroplasts with 0.8 M tris buffer at pH 8.0 abolished the ability of such chloroplasts to evolve oxygen, but in the presence of DPIP or TMPD and an excess of ascorbate, photophosphorylation of the non-cyclic type was restored, which indicated that electrons were entering into the system at the level of photosystem 2. This conclusion was supported by the fact that the phosphorylations were sensitive to DCMU.
The use of tris-washing to inactivate chloroplasts was used by Yamashita and Butler (17) to study the photoreduction of NADP by artificial electron donors in the absence of oxygen evolution. Donor systems such as ascorbate-DPIP and ascorbate-TMPD could feed electrons into photosystem 2, but also had the ability to feed electrons into photosystem 1 We have studied the effect of related donors on the photoreduction of DPIP by tris-washed chloroplasts and by photosystem 2-enriched subchloroplast particles prepared by the action of Triton X-100. The most efficient donor for this reaction is 1,5-diphenylearbazide, and the characteristics of this reaction have been studied.
Methods
Chloroplasts were prepared from market spinach in 0.35 M NaCl and 0.02 M tris buffer pH 8 as previously described (12, 13 Tris-washed chloroplasts were prepared by treatment with 0.2 M tris for 5 min with chloroplasts being presient at a concentration sufficient to give 28 jug of Chl per ml of tris buffer. The TSF-2 subchloroplast fragment containing photosystem 2 was prepared by treatment of chloroplasts with Triton X-100 as previously described (13 sponse was observed with tris-washed chloroplasts it would seem that aggregation is not the primary mode of action of the salt added as buffer. A more reasonable explanation is that salts influence the nature of the readtive surface of the TSF-2 particle or tris-washed chloroplasts. This could be done either by changing the conformation of some component or by absorption of 1 of the ions, thus decreasing the reactivity of the chlorophyll system with 1 of the reagents.
The DPC-coupled photoreduction of DPIP is a relatively simple reaction specific for photosystem 2, since it is not supported by TSF-1 particles which contain photosystem 1 (14) . It would be helpful if the reaction could also be followed by means of absorbance changes of the donor molecule, DPC. For this purpose the data of Fig. 1 were oibtained, showing the absorption spectra of DPC during various stages of oxidation with hypochlorite. Oxidation causes the appearance of a new band at 320 nm, which offers a means of measuring the oxidation reaction. In applying these data, however, a complication of an absorbance change at 320 nm due to DPIP reduction was observed. The reduction of DPIP results in a significant decrease in absorbance at this wavelength, which complicates the use of this wavelength for measuring changes in the oxidation state of DPC. A better wavelength for measurement was 300 nm, where the change due to DPC oxidation was still considerable and the absorbance change due to DPIP reduction was minimal. Accordingly we selected this wavelength to follow DPC oxidation in a coupled reaction with DPIP. Fig. 2 shows the absorbance changes observed at 300 nm, due to DPC oxidation, which accompany the usual absorbance changes at 590 nm which reflect the reduction of DPIP. For these experiments TSF-2 fragments were used. The similar response to the addition of DCMU shows that the 2 reactions are coupled and are driven by photosystem 2. On the basis of this method for assay of DPC oxidation it was possible to follow the disappearance of oxygen evolution activity during exposure of chloroplasts to tris buffer at high pH and simultaneously observe the related appearance of DPC photooxidation coupled to the reduction of DPIP. Table II shows the data obtained in this way. For these experiments a constant exposure time was used, but the concentration of tris was varied to give different degrees of inhibition of the oxygen evolution apparatus. As this activity decreased, as evidenced by a loss in ability of the chloroplasts to reduce DPIP using water as the donor molecule, the ability of the same chloroplasts to oxidize DPC emerged. In the presence of DPC, the rate of DPIP reduction was fairly constant for the various treatments, indicating that the total potential for DPIP reduction remained about the same during inactivation of the oxygen evolving apparatus.
The data in table II were obtained from initial rates, using a change in millimolar absorptivity coefficient of 5.4 for DPC at 300 nm and a value of 16 (1) for DPIP at 590 nm. At the concentrations of tris which more completely inhibited the oxygen evolution apparatus, an apparent higher rate of DPC oxidation than DPIP reduction was observed. This most likely derives from the use of initial rates for these calculations, since the observed absorbance ehanges at 300 nm are more subject to error because of the low absorbance change of DPC and the possible small absorbance change inherent in the chloroplast system itself at this wavelength. When the extents of the reactions at 590 and 300 nm were compared, they agreed with the values expected (table III) . These data show that this relatively simple electron transfer reaction, which is catalyzed by photosystem 2, has a requirement for an ordered structure in the tris-washed chloroplasts and the TSF-2 particles.
Discussion
The photoreduction of DPIP by DPC, which is catalyzed by either tris-washed chloroplasts or subchloroplast fragments containing photosystem 2, is a sensitive and easy means for assay of photosystem 2 activity under conditions where the enzymic apparatus responsible for oxygen evolution is destroyed. This activity is observed in subchloroplast fragments prepared by the action of either Triton X-100 or digitonin (14) , and in magnitude it is observed at about the same level as in the triswashed chloroplasts. It appears, therefore, that the method will have utility as a measure of photosystem 2 activity and will facilitate further experimentation into the nature of this photosystem.
Experiments performed with TSF-2 fragments indicate that the apparatus responsible for the initial electron transfer reactions of photosystem 2 is stable at ordinary temperatures. The data of table III show, however, that heating will destroy this activity. We have assayed TSF-2 fragments which have no residual oxygen evolution activity after having been stored frozen for periods of up to 2 years, and have found that all such preparations have shown good activity in the DPC-coupled reduction of DPIP.
The DPC-supported photoreduction of DPIP is quite specific for photosystem 2, as shown by the DCMU sensitivity of the reaction (Fig. 2) and the fact that isolated subchloroplast particles containing photosystem 1 !(TSF-1) do not catalyze the reaction (14) . Only as the oxygen evoltution system is inactivated does the ability of the DPC to interact with photosystem 2 becomes apparent, indicating that in the intact chloroplast this system is not available to external agents and is "covered up" by the enzymes responsible for oxygen evolution. A reasonable assumption is that these enzymes, or factors, are removed by the tris treatment, and thtis make the photosystem 2 apparatus available for the added DPC. The availability of this assay system, in which reactions at both termini of the reaction chain can be followed, should facilitate investigation into the mechanism of this photosystem.
